Hepcidin belongs to the antimicrobial peptide family but has weak activity with regards to bacterial killing. The regulatory function of hepcidin in humans serves to maintain an iron-restricted environment that limits the growth of pathogens; this study explored whether hepcidin affected bacterial iron homeostasis and oxidative stress using the model organism Escherichia coli. Using the Miller assay it was determined that under low iron availability exposure to sub-inhibitory doses of hepcidin (4-12μM) led to 2-fold and 4-fold increases in the expression of ftnA and bfd, respectively (P < 0.05), in both a wild type (WT) and fur (ferric uptake regulator) background. Quantitative real-time PCR analysis of oxyR and sodA, treated with 4 or 8 μM of hepcidin showed that expression of these genes was significantly (P < 0.05) increased, whereas expression of lexA was unchanged, indicating that hepcidin likely mediated oxidative stress but did not induce DNA damage.
INTRODUCTION
Functioning as a cofactor in metalloproteins, such as respiratory cytochromes, ferredoxins and haemoglobin, iron is essential to all domains of life (Andrews, Robinson and Rodriguez-Quinones 2003) . As a transition metal, iron can efficiently cycle between oxidation states and catalyse reduction and oxidation reactions (Mackenzie, Iwasaki and Tsuji 2008; Pan et al. 2009 ). An unwanted side effect of this property is the generation of large quantities of reactive oxygen species in oxygenated environments via the Fenton reaction, which can cause irreversible cellular damage (Cabiscol, Tamarit and Ros 2000; Papanikolaou and Pantopoulos 2005) . To alleviate this, the maintenance of iron homeostasis in bacteria has to be tightly regulated, and is affiliated with the oxidative stress response. In Gram-negative microorganisms, acquisition of iron is governed by the ferric uptake regulator (Fur), an Fe 2+ -dependent transcriptional repressor protein, which can also instruct the bacterium to sequester iron within storage proteins such as ferritins and bacterioferritins (Pan et al. 2009 ).
In the context of health and disease, iron stands at the axis of infection and immunity: successful colonisation of the host by bacteria is dependent on securing a source of iron (Skaar 2010) . Iron has a long-established role in regulating the expression of numerous bacterial virulence factors including exotoxins, adhesins and systems involved in biofilm formation (Calderwood and Mekalanos 1987; Kim et al. 2005; Wu and Outten 2009) . Furthermore, to avoid infection, several host features reduce the availability of iron to invading microorganisms. Most iron is associated with extracellular transferrin or intracellular haemoglobin and ferritins. Moreover, most labile iron is oxidised into a ferric (Fe 3+ ) state, which forms insoluble ferric hydroxide complexes (Skaar 2010) . Together, these conditions create an effective bodily iron concentration of 10 −18 M, which is far below the 10 −6 M required to support microbial growth (Raymond, Dertz and Kim 2003) . The innate immune system induces systemic hypoferraemia in response to pathogen detection. This occurs via the production of hepcidin, a peptide hormone recently established as the master regulator of iron homeostasis in humans (Drakesmith and Prentice 2012) . Hepcidin is expressed by macrophages and hepatocytes as a preprohormone of 86 amino acids before being post-translationally cleaved into its bioactive 25-residue form (Valore and Ganz 2008) . Hepcidin rapidly reduces systemic iron levels by impeding the activity of its cognate receptor ferroportin (Nemeth et al. 2004; Nemeth et al. 2006; De Domenico et al. 2007; Clark et al. 2011) . Consequently, iron export stops but it continues to enter cells where it is sequestered into the reticuloendothelial system (Michels et al. 2015) .
In addition to indirectly inhibiting microbial growth, hepcidin is a cationic antimicrobial peptide (CAMP). It is found in many bodily fluids, including the urine, serum and cerebrospinal fluid (CSF), where it is believed to act locally to protect against infection (Park et al. 2001; Houamel et al. 2016) . Interestingly, hepcidin does not possess an alpha-helical domain and does not disrupt bacterial membranes as effectively as other CAMPs (Maisetta et al. 2013) . Despite this, it is regarded as being broad spectrum with activity against Gram-positive and Gram-negative bacteria, and fungi with predominantly bacteriostatic activity. Hepcidin is bactericidal when applied at microgram quantities, which is far higher than those found physiologically, and acidic pH is known to greatly enhance hepcidin-mediated membrane disruption and subsequent cell lysis (Maisetta et al. 2013) .
The primary aim of this study was to probe potential mechanisms by which hepcidin exerts it function as an CAMP in light of its weak antimicrobial activity. Due to its iron regulatory role, the effect of hepcidin on iron homeostasis and associated oxidative stress was investigated.
MATERIALS AND METHODS

Bacterial strains
Five strains of Escherichia coli MC4100 were used throughout this study: four lacZ reporter fusion strains and one control strain (wild type; WT); the reporter gene encoding β-galactosidase was chromosomally inserted downstream of the promoters for the genes encoding either ferritin (ftnA-lacZ) or bacterioferritinassociated ferredoxin (bfd-lacZ). Two of the fusion strains contained a deletion for the gene encoding the ferric uptake regulator (fur), which abolished their ability to modulate the expression of Fur-regulated genes in response to changing iron levels. Strain designations reflect the fusion genotypes: WT, ftnA-lacZ, fur-ftnA-lacZ, bfd-lacZ & fur-bfd-lacZ . Bacterial strains were routinely cultured in nutrient broth (NB), with diethylenetriaminepentaacetic acid (DTPA; pH 7.4) at 2 mM to achieve iron restriction.
Hepcidin
Hepcidin (Peptide Institute Inc., Osaka, Japan) was reconstituted and stored according to manufacturer's instructions to give a stock concentration of 100 μM.
Minimum inhibitory concentration
The minimum inhibitory concentration for hepcidin against WT, fusion strains and fur strains was determined by the microbroth dilution method. Briefly, hepcidin was diluted in NB in a microtitre plate to give a range of doubling dilutions from 0 to 100 μM, in a total volume of 100 μl per well. Each well was inoculated with 1 × 10 6 CFU/ml of culture and incubated for 16 h at 37
• C. The optical density (OD) was read at A 650 using a SpectroStar Nano microplate reader (BMG Labtech, Germany).
Miller Assay for beta-galactosidase activity
Changes in the expression of ftnA and bfd were determined using the 96-well plate Miller assay (β-galactosidase assay) protocol described by Griffith and Wolf (Griffith and Wolf 2002) . Three technical and biological replicates were undertaken. Wells of 50 μl NB were inoculated with 10 μl of a 1 × 10 6 CFU/ml culture of each test strain and incubated at 37
• C until they reached a cell density of A 600 0.1-0.2, as determined using a SpectroStar Nano microplate reader (BMG Labtech, Germany). Hepcidin was then added to the wells to achieve final concentrations of 0, 4, 8 and 12 μM, which is below the minimum inhibitory concentration for all the strains used in this study (see results). Repetition of the experiment to observe whether iron availability had an impact on the activity of hepcidin, included addition of 2 mM DTPA to the wells. Following the addition of hepcidin or DTPA, the plate incubated at 37
• C for a further 90 min until the OD reached 0.3 at A 600 . Hundred microliter permeablisation buffer (Griffith and Wolf 2002) , 4 μl chloroform and 2 μl 0.1% sodium dodecyl sulphate was added to each well and aspirated repeatedly to ensure permeablisation of bacterial cell membranes. Twenty microliter of the colorimetric compound ortho-nitrophenyl-β-galactoside (4mg/ml) was subsequently added to each well and the plate was incubated at 37
• C for precisely 30 min, after which the A 420 and 
Quantitative real-time PCR
The expression of the oxyR (regulator of anti-oxidant genes), sodA (superoxide dismutase) and lexA (repressor of SOS genes) were assessed for differential expression following treatment with 4 and 8 μM hepcidin (Table 1) .
RNA extraction used the SV Total RNA Isolation Kit (Promega, USA) according to the manufacturer's instructions. cDNA 
Statistical analysis
Data sets gathered from Miller assays and Q-RT-PCR were statistically analysed using GraphPad Prism 6. One-way ANOVA tests determined whether any statistically significant differences were present in the data sets and the appropriate p-values given in the results. To identify the points at which any changes became statistically significant, ANOVA results were subsequently analysed using Tukey's multiple comparison tests. In this study, the α value was 0.05; p-values under this threshold were considered to be statistically significant.
RESULTS
Minimum inhibitory concentration of hepcidin against Escherichia coli
Microbroth MIC experiments with a concentration range of hepcidin from 0 to 100 μM demonstrated that 25 μM of hepcidin was needed to inhibit the growth of all of all of the strains used in this study (Fig. 1) . This indicated that the fur mutation did not make Escherichia coli more susceptible to hepcidin treatment. 
Miller assay to determine the effect of hepcidin treatment of the expression of ftnA and bfd under conditions of iron repletion and restriction
Hepcidin is bacteriostatic at neutral pH (such as of the serum and CSF) but still causes some membrane disruption (Maissetta et al. 2013) . The Miller assay was used to determine the effect of hepcidin on the expression of bfd and ftnA in lacZ reporter strains in a WT and fur background. Statistically significant changes in ftnA and bfd expression were not observed under iron-replete conditions with hepcidin treatment (Fig. 2) . However, treatment with hepcidin under conditions of low iron availability led to a 2-4 fold (P < 0.05) increase in expression of ftnA and bfd (Fig. 2) . Furthermore, these changes were present in both the WT and fur backgrounds. There was a significant (P < 0.05) reduction in expression of ftnA in response to 8 μM hepcidin, and for bfd expression in the fur background under iron restriction, which was not observed with 4 or 12 μM hepcidin treatment. This indicates a possible biphasic effect as has been seen for some other antimicrobial peptides (Kraszewska et al. 2016; Mohamed, AbdelKhalek and Seleem 2016) .
Q-RT-PCR to assess the effect of hepcidin treatment of the expression of genes associated with oxidative stress and the SOS response
Iron homeostasis and oxidative stress are closely connected; based on the differential expression profiles of bfd and ftnA in relation to iron availability and hepcidin treatment, analysis of key genes associated with oxidative stress was subsequently undertaken. Bacterial strains were cultured under iron replete and restriction conditions as previously described. The results indicated that hepcidin treatment increased the expression of oxyR and sodA under both iron repletion and restriction, in a dosedependent manner (Table 2 ) with increases of between 2.4 and 7.9-fold (P < 0.05) for 8 μM hepcidin, compared to the untreated control. The greater elevated expression of sodA under iron restriction is likely a combination of both hepcidin and iron availability, as sodA expression is repressed in a classical Fur-Fe dependent manner. LexA expression was not significantly altered indicating that the SOS response was not initiated.
DISCUSSION
Hepcidin plays a significant role in defence against bacterial infection as part of the innate immune system. It is a small peptide with diversified function; during infection, it mediates iron sequestration in the host thus depriving pathogens of this vital nutrient, and directly impairs bacterial growth as an antimicrobial peptide. Compared to other members of the CAMP family, hepcidin has weak antimicrobial activity, it can aggregate in the bacterial membrane and disrupt its integrity, but at neutral pH such as that of the serum and CSF where hepcidin is found, this is not bactericidal (Park et al. 2001; Maissetta et al. 2013) . This study has shown that at concentrations identified as being subinhibitory, hepcidin treatment of E. coli under iron restriction causes altered expression of genes associated with the oxidative stress response.
The MIC for hepcidin against the WT, lacZ fusion and fur strains of E. coli were found to be the same, at 25 μM, which is half of that previously reported for Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus pyogenes, but still well in excess of physiological concentrations (Ripley, Morris and Maddocks 2014) . MICs were determined in iron repletion and under these conditions the genetic background of the strain (fur+ or fur-) did not appear to impact on the inhibitory activity of hepcidin, suggesting that the mechanism of inhibition is independent of iron. Using MIC concentrations of hepcidin (to enable continued bacterial growth) in a WT background, in iron-replete media did not result in differential expression of ftnA or bfd compared to the untreated control. Using the metalion chelator DTPA, to produce conditions of iron restriction, the expression of both ftnA and bfd was significantly (P < 0.05) elevated in both the WT and fur background, compared to the untreated control. The expression of both ftnA and bfd is known to be regulated by Fur in an iron-dependent manner, but these data suggest that the observed response was Fur-independent. Unexpectedly, ftnA expression in a WT background was reduced following treatment with 8 μM hepcidin, as was the expression of bfd in the fur background, under iron restriction. Whilst it was not possible to investigate this further, it is plausible that this could be a biphasic effect as has been observed for some plant defensin-like peptides and short synthetic antimicrobial peptides (Kraszewska et al. 2016; Mohamed, AbdelKhalek and Seleem 2016) .
Under iron restriction, ftnA and bfd genes are usually expressed to a lesser extent than under iron repletion. However, the expression observed here following hepcidin treatment is more similar to a 'high-iron' response. FtnA is believed to link bacterial iron metabolism and the homeostasis of oxidative stress by functioning as an iron-buffer, therefore increased ftnA expression might be indicative of an oxidative stress response. In Vibrio cholerae non-lethal cell envelope perturbation induces oxidative stress and alters iron homeostasis (Sikora et al. 2009) , it is therefore possible that hepcidin could trigger oxidative stress through membrane damage. This might be heightened by the release of iron from cytoplasmic stores due to iron-restriction, resulting in increased expression of ftnA and bfd. OxyR can regulate the expression of iron-dependent genes. For example, ftnA expression is regulated as part of a complex regulon involving OxyR, Fur and FNR (Rocha and Smith 2004; Nandal et al. 2010; Chiang and Schellhorn 2012) and in strict anaerobes ftnA expression is activated by OxyR in response to oxidative stress (Rocha and Smith 2004) . Whilst the latter has not been demonstrated for facultative anaerobes, the elevated expression of ftnA observed here in both a WT and fur background might be attributable to the OxyR regulon.
To ascertain whether hepcidin treatment induced oxidative stress Q-RT-PCR was used to analyse the expression of oxyR and sodA. OxyR is a LysR-type transcriptional regulator that negatively autoregulates (Knapp, Tsai and Hu 2009) , therefore oxidative stress can be indicated by a transient increase expression of OxyR. In this study, oxyR expression was significantly increased following treatment with 8 μM hepcidin, indicating that at sufficiently high concentrations, hepcidin begins to cause oxidative stress. The expression of sodA similarly increased in response to 8 μM hepcidin treatment under conditions of iron repletion, and markedly so under iron restriction (P < 0.05). This is likely due to the fact that sodA expression is regulated both by iron availability and by oxidative stress; under iron replete conditions sodA expression is repressed by Fur, and is activated by SoxRS in response to oxidative stress (Niederhoffer et al. 1990; Fee 1991) . Interestingly, no biphasic gene expression was observed for oxyR or sodA suggesting that hepcidin might affect a number of global regulons that govern the response to oxidative stress; these are known to include Fnr, SoxRS and RpoS, in addition to the Fur and OxyR regulons. To investigate whether hepcidin resulted in adequate oxidative stress to potentiate DNA damage, the expression of lexA was determined. LexA ultimately switches off the SOS response, by means of a negative feedback loop (Butala, Zgur-Bertok and Busby 2009) , therefore transient increased expression is observed when the SOS response is instigated. No significant increase in expression occurred following hepcidin treatment under iron replete and restricted conditions. This suggests that oxidative stress sufficient to damage DNA did not occur following hepcidin treatment. It should be noted that hepcidin is known to interact with bacterial DNA (Hocquellet, le Senechal and Garbay 2012) but it not known whether this directly induces DNA damage.
Taken collectively the data presented here indicates that hepcidin-mediated bacterial growth inhibition is in part the result of oxidative stress. The more noticeable effect under iron restriction involving components of the iron-homeostatic response, suggests that this is of particular significance during infection, in the iron-restricted host environment. However, additional studies to ascertain the extent of oxidative damage that occurs to bacteria during in vivo infection would better determine whether this constitutes a fundamental role for hepcidin as an innate immune molecule, at physiological concentrations.
